Lp(a) concentrations represent a major cardiovascular risk factor and are almost entirely controlled by one single locus (LPA). However, many genetic factors in LPA governing the enormous variance of Lp(a) levels are still unknown. Since up to 70% of the LPA coding sequence are located in a difficult to access hypervariable copy number variation named KIV-2, we hypothesized that it may contain novel functional variants with pronounced effects on Lp(a) concentrations. We performed a large scale mutation analysis in the KIV-2 using an extreme phenotype approach. 
Aims
Lp(a) concentrations represent a major cardiovascular risk factor and are almost entirely controlled by one single locus (LPA). However, many genetic factors in LPA governing the enormous variance of Lp(a) levels are still unknown. Since up to 70% of the LPA coding sequence are located in a difficult to access hypervariable copy number variation named KIV-2, we hypothesized that it may contain novel functional variants with pronounced effects on Lp(a) concentrations. We performed a large scale mutation analysis in the KIV-2 using an extreme phenotype approach. 
Methods and results
We compiled an discovery set of 123 samples showing discordance between LPA isoform phenotype and Lp(a) concentrations and controls. Using ultra-deep sequencing, we identified a splice site variant (G4925A) in preferential association with the smaller LPA isoforms. Follow-up in a European general population (n = 2892) revealed an exceptionally high carrier frequency of 22.1% in the general population. The variant explains 20.6% of the Lp(a) variance in carriers of low molecular weight (LMW) apo(a) isoforms (P = 5.75e-38) and reduces Lp(a) concentrations by 31.3 mg/dL. Accordingly the odds ratio for cardiovascular disease was reduced from 1.39 [95% confidence interval (CI): 1.17-1.66, P = 1. 
Introduction
Increased Lipoprotein(a) [Lp(a)] levels are present in 15-25% of the population 1 and confer an up to 2.5-fold increased cardiovascular disease (CVD) risk. 2 Since Lp(a) levels are almost entirely controlled by one single gene locus, the LPA gene, they represent one of the most important genetically determined CVD risk factors. LPA encodes the major structural protein of Lp(a), 3 apolipoprotein(a) [apo(a)], and accounts for >90% of Lp(a) variance. 3 The LPA gene presents a peculiar gene structure, consisting of several, highly homologous 'kringle-domains' (K) named KIV type 1 to 10 (KIV-1 to KIV-10). Of note, the KIV-2 domain is encoded by an hypervariable, 5.6 kb sized, coding copy number variation (CNV), that encompasses two exons and is present in up to >40 copies per allele causing a heterozygosity level in the population of >95%. 3 It thus generates >40 protein size isoforms in the population. Individuals with at least one low molecular weight allele (LMW; <14 KIV-2 repeats which corresponds to <23 total KIV domains) present 5-10-fold higher median Lp(a) plasma levels (%50 mg/dL) than individuals with high molecular weight isoforms (HMW; > _23 KIV; medians %5-10 mg/dL). 1 Therefore in heterozygous individuals, the shorter allele determines assignment to LMW or HMW group and subsequently the CVD risk. 4 Of note, about 30% of the population miss one isoform in plasma despite being heterozygous on DNA level. The nonsecreted allele has been termed as 'operational null allele' 5 and in Caucasians, HMW alleles are more likely to be non-expressed than LMW alleles. The number of KIV-2 repeats explains 40-70% of Lp(a) variance, 3 but Lp(a) levels can vary by 200-fold even for alleles with the same size. 6, 7 This suggests the existence of still unknown modifying genetic variants. Genome-wide association studies indeed reported an impressively large number of independent variants in LPA, 8 but causal effects on Lp(a) levels have been shown only for few. 9 Depending on the isoform size, up to 70% of the protein coding sequence is derived from the KIV-2 CNV (see Supplementary material online, Figures S1 and S2 ), but this region remained inaccessible to large-scale mutation analysis until recently, since sensitivity of Sanger sequencing was insufficient to detect one variant in up to 80 KIV-2 copies. 10 This resembles observations in other genes with multi-copy coding regions, where novel disease-causing variants were found in similar 'blind spots' of the genome (e.g. MUC1, MUC5AC, Kir2.6). 11 The KIV-2 region thus represents a natural candidate region for new causal variants. The 'extreme-phenotype approach' 12 is a powerful instrument to enrich for functional mutations. The association between LMW apo(a) isoforms and high Lp(a) concentrations is well established. 3 We therefore reasoned that samples deviating clearly from this pattern can be seen as 'extreme phenotype'-samples and possibly carry novel causal variants. We therefore compiled 123 samples for sequencing. This set comprised samples showing discordance between Lp(a) isoform phenotypes and Lp(a) concentrations as well as control samples. We sequenced the KIV-2 region in all samples, evaluated the effects of a promising KIV-2 splice site variant on Lp(a) concentrations in an European general population sample (n = 2892) and determined its impact on CVD risk in a high risk population. Subsequently, we confirmed its allelic localization using pulsed-field gel electrophoresis and investigated its effects on in vitro splicing assays and human liver mRNA.
Methods

Study design
Lp(a) levels and apo(a) isoforms were determined in three populations (n total = 9581): SAPHIR (healthy working population, Austria, n = 1519), GCKD (German Chronic Kidney Disease study, n = 5170) and KORA F4 (population-based study, Southern Germany, n = 2892). Details are given in Supplementary material online, Methods and 
KIV-2 batch amplification and nextgeneration sequencing
The KIV-2 region was amplified using a 'batch amplification' approach, 10, 13 which leverages the homology of KIV-2 repeats to simultaneously amplify all KIV-2 repeats as an amplicon mixture ( Figure 1 ) and subjected to ultra-deep next-generation sequencing (NGS). Like mitochondrial heteroplasmies, variants occurring only in a subset of repeats will be present only in a corresponding subfraction of NGS reads. Data analysis was therefore performed by aligning all reads to one single kringle repeat and low-level variants were called using the highly specific 14 By aligning all repeats to one single copy, a variant occurring in only one repeat will be present only in a subset of amplicons. This resembles mitochondrial heteroplasmies or somatic mutations and can thus be detected using the same approaches.
defects (rs41272114 and rs143431368 15 ) were determined by Sanger sequencing (see Supplementary material online, Tables S3 and S4 ). See Supplementary material online, Methods for details, reference sequence selection strategy and analysis of 1000Genomes and GenomeAustria datasets.
G4925A genotyping by competitive allelespecific TaqMan PCR
Given the technically demanding necessity to type a variant within up to >70 KIV-2 copies, we used a custom-made commercial competitive allele-specific TaqMan PCR (castPCR) 16 assay (competitive allele-specific TaqMan PCR; also known as ASB-PCR) (ThermoFisher Scientific). This allele specific qPCR assay allows detection of somatic mutations down to at least 0.1% level 16 and thus provides sufficient sensitivity for determining
SNPs present in one of >70 KIV-2 repeats. For technical details, quality figures from assay validation and quality control measures see Supplementary material online, Methods.
Minigene assays and liver mRNA analyses
The G4925A variant is located at the donor splice site of the second KIV-2 exon, which is spliced to the first exon of the next KIV-2. Therefore a PCR fragment spanning the short intron between two KIV-2 repeats as well as the two boundary exons was subcloned into a pSPL3 17 Tables S5 and S6 . In order to study mRNA from G4925A carriers, we obtained liver biopsy samples from a G4925A carrier and three G4925A-negative controls, amplified the G4925A context from both mRNA and pre-mRNA and analysed these by NGS and castPCR. Additionally, the presence of exon skipping was investigated (see Supplementary material online, Methods).
Pulsed field gel electrophoresis
Apo(a) isoforms in plasma and G4925A carrier status were determined by Western blotting and castPCR in 40 fresh blood samples from anonymous donors (Central Institute for Blood Transfusion, State Hospital of Innsbruck, Austria). Seven out of 11 G4925A carriers presented both apo(a) alleles in plasma and 5 of these were subjected to KIV-2 genotyping by pulsed field gel electrophoresis (PFGE) together with six G4925A-negative controls. PFGE allows the determination of the number of both KIV-2 present on genomic DNA, 10 independently from the occurrence of operational null alleles (see Supplementary material online, Methods).
Statistical methods
Prevalence of G4925A in the discovery set phenotypic groups was compared by Fisher exact test (two-sided) and relative contribution of the smaller band in the Western blot to the total signal in Western blot was compared by Wilcoxon test. The association of G4925A with Lp(a) was tested in the entire KORA F4 study and in LMW/HMW subgroups by linear regression analysis. In KORA F4 and GCKD, regression analysis on Lp(a) was also performed for the SNP rs75692336, which tags G4925A. Finally, effects of the tagging SNP rs75692336, which serves as a proxy for G4925A, on CVD prevalence in the GCKD study were tested by a logistic regression. For details on statistical methods and the tagging SNP approach see the Supplementary material online, Methods.
Results
Mutation analysis
We Table S2 ).
The two known functional SNPs rs41272114 and rs143431368 15 did not explain the observed extreme phenotypes (see Supplementary material online, Table S7 ). Ultra-deep NGS (average depth: 24 418Â) and dedicated low-level mutation detection of 'batch amplification' 13 products ( Figure 1 ) revealed, however, a novel variant in the exonic donor splice site of the second KIV-2 exon, which was strongly overrepresented in the phenotype 'low Lp(a) levels despite LMW isoform' (71% carriers compared to 11% in all other groups combined, P Fisher = 4.47e-10; Table 1 ). Since unique position annotation is not possible, we use our working name G4925A throughout the manuscript [Human Genome Variation Society (HGVS) annotation provided in Supplementary material online, Methods]. By dividing the NGS mutation level by the total number of KIV-2 repeats estimated by KIV-2 qPCR, we estimate that the variant occurs mostly in only one or two of all KIV-2 repeats present in an individual (see Supplementary material online, Figure S5 ). Despite its seemingly high frequency and its promising location, the variant has thus likely escaped detection in earlier studies 10, 13 due to insufficient sensitivity of Sanger sequencing.
Next-generation sequencing validation and population data
We analysed three public datasets [1000G Exome samples with >1000Â coverage at the variant position (n = 1589, 26 populations), 1000G high-coverage whole-genome samples (n = 30), GenomeAustria whole-genome samples (n = 8)] to exclude technical artefacts in our sequencing procedure and investigate the frequency of G4925A in different populations on the other hand (see Supplementary material online, Methods and Tables S4-S7). Despite different sequencing technologies, G4925A was observed in all three control datasets. Largely varying frequencies were observed in the 1000Genomes populations (Figure 2 , see Supplementary material online, Tables S8-S11).
Association study in the general population
To assess the impact of G4925A in the general population, we determined the G4925A carrier status in the population-based study KORA F4 (n = 2892; Southern Germany) using highly sensitive castPCR (validation results shown in Supplementary material online, Table S12 ). The frequency of G4925A carriers in KORA F4 was 22.1% and carriers preferentially presented a smaller apo(a) isoform with 19-25 KIV ( Figure 3A) . Figure S6 ). This sudden decrease is smoothened when accounting for G4925A carrier status (Supplementary Figure S6) , thus indicating that G4925A might substantially account for this observation. G4925A carrier status was highly significantly associated with inverse-normal transformed Lp(a) concentrations in the clinically relevant LMW group (encompassing 24.6% of the population): positive G4925A carrier status was associated with Lp(a) reduction by 31.3 mg/dL, explaining 20.6% of Lp(a) variance (P = 5.75e-38) ( Figure  3B ). After adjustment for KIV number, the association became highly significant also in the total population (P = 1.05e-55) and in the HMW group (KORA F4 HMW: P = 1.69e-10). In contrast, the association in the LMW group was virtually unaffected by isoform adjustment (P = 3.0e-36). Full results are reported in Table 2 .
Association with cardiovascular disease in the GCKD study group
We reasoned that the strong Lp(a) reduction in LMW individuals with positive G4925A carrier status may alleviate LMW-mediated CVD risk. A direct evaluation of the effect of G4925A on CVD is hampered by the fact that variants in KIV-2 are not contained in the imputed whole-genome SNP datasets commonly available in large, genetic-epidemiological studies on CVDs. By combining 1000G-imputed SNP data and G4925A data in KORA F4 (see Supplementary material online, Methods), we identified rs75692336 as proxy for G4925A (r 2 = 0.82, D' = 0.99) (see Supplementary material online, Table S13 ). The minor allele of rs75692336 was associated with a similar, but slightly smaller Lp(a) reduction than G4925A (see Supplementary material online, Table S14 ). This proxy SNP was then used to assess the effect of G4925A on CVD in the high risk GCKD population. rs75692336 was associated with lower odds ratio (OR) for CVD following a dominant model (see the Supplementary material online, Methods for the rationale of the model selection). When comparing LMW individuals of GCKD to HMW individuals of GCKD, the LMW individuals present an increased risk for CVD, as would be expected 4 (OR = 1.34, P = 6.29e-05) ( Table 3) . However, when the population is stratified according to G4925A carrier status, this risk elevation in LMW individuals carrying also a minor allele of rs75692336 is no longer significant (OR = 1.19, P = 0.19) ( Table 3) . Conversely, in LMW individuals not carrying G4925A the CVD risk was even slightly higher than in the whole population (OR = 1.39, P = 1.89e-04). The results from the extended adjustment model remained very consistent to the unadjusted model ( Table 3 ). Figure 3A suggests that the G4925A is located on smaller LPA alleles and Figure 4 shows that in KORA F4 samples presenting both isoforms in plasma the contribution of the small allele to the total Western blot signal was significantly lower in G4925A carriers than in wild-type samples [P Wilcoxon = 0.0041 (all samples) and P Wilcoxon = 2.42e-09 (LMW samples only); Figure 4 ]. This indicates a reduced protein amount originating from this allele. To investigate whether the variant is truly located on the short allele, we selected 11 healthy volunteers (five G4925A carriers), who presented both protein isoforms in plasma, separated genomic LPA alleles by PFGE, isolated the 2 alleles from the gel as previously described 10 and tested the separated alleles by castPCR. In all carriers, the G4925A variant was indeed localized of on the Lp(a) level-determining short LPA allele. This provides an important prerequisite for a true functional impact of G4925A on Lp(a) levels.
Molecular analysis of G4925A localization
In vitro analysis of functional effects of G4925A
Although occurring at a splice site, G4925A was not associated with null alleles (see Supplementary material online, Figure S7 ).
Since LPA is exclusively liver-expressed 3 and human mRNA is therefore utmost difficult to obtain, we used comprehensive pSPL3 17 minigenes (see Supplementary material online, Figure S3 ; assay concept explained in Supplementary material online, Figure  S8 ) to assess splicing patterns in HepG2 cells. In our analyses, the minor allele (A) abolished splice site recognition in vitro and activated a cryptic intronic splice site leading to retention of the first 87 intronic bases and resulting in inclusion of a premature stop codon in vitro (see Supplementary material online, Figures S4 and  S9 ). The comparison of PFGE and Western blot data from G4925A carriers and controls (see Supplementary material online ,  Table S15 ) indicated that in vivo the reduced splicing efficiency of the minor allele does not result in a complete protein truncation, but rather in a clear reduction of the abundance of the (variant-carrying) small allele ( Figure 4) . To investigate this observation, we obtained mRNA from liver biopsies of a G4925A carrier and three controls and analysed a RT-PCR product, which bridged the exonintron boundary at G4925A (see Supplementary material online, Figure S10 ) by deep sequencing. The occurrence of the A-allele in the mature mRNA was below detection limit and only the G allele was detected, while a castPCR on an amplicon amplifying the G4925A context sequence from pre-mRNA instead of mature mRNA was still positive for the A allele, suggesting loss of the variant A allele during mRNA maturation (discussed below). No exon skipping was observed (see Supplementary material online, Figure S11 ).
Discussion
The LPA gene represents a major CVD risk locus and the measurement of Lp(a) is especially recommended in people with high CVD risk or a strong family history of premature atherothrombotic disease. 18 Several independent association signals for Lp(a) have been described in LPA region, 8 but a consistent portion was inaccessible to mutation screening until recently. Accordingly, factors governing the variance of the Lp(a) besides the KIV-2 repeat are still largely unknown. In the work at hand, we identified a novel variant that overrides the major effect of LMW isoforms on Lp(a) concentrations and is associated with a pronounced Lp(a) reduction. It exerts its largest effect in the LMW group (Figure 3) , which is commonly associated with increased Lp(a) levels and CVD risk. 4 Conversely, in the HMW group and in the total population its effect was initially masked by its association with smaller isoforms at 23-25 KIV (explained detail in Supplementary material online, Figure S12 ). This observation reminds the regulatory variant rs1853021, whose effect is masked by its association with HMW isoforms, 19 and exemplifies how failure to account for apo(a) isoforms in association studies can mask the effect of high-impact variants. It suggests a complex interplay of KIV-2 number and SNPs in determining the Lp(a) levels. G4925A seems instrumental both in the large concentration range observed especially in LMW isoforms (Figure 3 ) as well as in the sudden Lp(a) decrease at 23-24 KIV (see Supplementary material online, Figure S6 ). Using a proxy SNP present in common imputed data sets we finally show that the G4925A carrier status modifies the genetic CVD risk of LMW individuals (which would otherwise be at high genetic CVD risk). This confirms recent studies on other, rarer variants associated with low Lp(a), 15, 20 which reported similar CVD risk reductions. Given the high frequency in the population, we anticipate, that inclusion of G4925A status in studies assessing the impact of Lp(a) isoforms may increase discrimination. The mechanism behind G4925A-mediated Lp(a) lowering is intriguing and warrants further research. We show that G4925A affects splice site recognition in vitro. By combining Western blot and castPCR on PFGE-separated alleles, we also show that G4925A is indeed located on the Lp(a) level-determining small allele and is associated with a reduced amount of protein originating from this allele (Figure 4) . The detection of a guanosine instead of the expected adenosine in the mature liver mRNA of a mutation carrier would be consistent with an 'A-to-I RNA editing' 21 mechanism, since the expected adenosine was still detected in amplicons on pre-mRNA from of the same sample. A-to-I RNA editing happens during maturation of pre-mRNA to mRNA where ADAR enzymes desaminate adenosines to inosines that are then interpreted by the cell (and PCR) as guanosines. 21 Indeed, in silico mRNA structure modelling predicts extended double-stranded RNA structures at G4925A (see Supplementary material online, Figure S13 ), which represent canonical RNA editing recognition motifs. 21 In addition, both the nucleotide context of 22 and inefficient splicing 23 have been shown to strongly promote editing. We hypothesize that G4925A reduces splice site recognition, as shown by our in vitro assays, which in turn prolongs nuclear retention and promotes so editing of the A-allele to the wild-type guanosine, explaining so why only guanosines are detected in RT-PCR NGS on mature mRNA. Not much is known about editing of protein-coding genes, but hyperedited Alu repeat mRNA has been shown to undergo mRNA decay. 21 Several lines of evidence therefore argue for a combination of reduced splicing efficiency and possibly RNA editing-related processes as mechanistic basis for the observed association. These mechanisms might finally lead to the observed reduced contribution of the short allele to the total apo(a) protein level in plasma. Indeed, Lp(a) levels are known to be mainly determined by synthesis rate 9 and are modifiable ). Future, in-depth studies in large collections of native human liver samples will be needed to test this working hypothesis.
Our study has strengths and limitations. We describe a novel, highly frequent variant in the highly repetitive KIV-2 with a pronounced effect on Lp(a) concentrations and describe methods to type this variant. The variant was confirmed in 1000G data and in a de novo typed, large Caucasian general population-based sample. The widely varying levels between the different 1000G populations argue against 'phantom mutation' at a sequencing error hot spot. We also show that the variant reduces CVD risk in individuals at otherwise high genetic CVD risk. The use of a proxy SNP presents for CVD risk estimation can be seen as a limitation but is supported by the very similar effect size of the proxy on Lp(a) and allows the replication and extension of our findings by others (provided LPA isoform data for adjustment are available). Additional replication in possibly even larger studies on CVD with apo(a) isoform data available will be crucial to establish the role of our findings. Albeit G4925A location is likely to be functional and we provide first mechanistic insights in the Lp(a) lowering mechanism, we clearly cannot completely exclude that a variant in linkage disequilibrium is the real causal one.
In conclusion, our investigation summarized in Figure 5 adds to previous works showing the utility of sequencing under genome-wide association study (GWAS) peaks. We identified a highly frequent splice site variant, which markedly reduces CVD risk in LMW carriers and is instrumental in the strikingly large range of Lp(a) levels observed in LMW carriers. 6, 7 Much emphasis has been put on the deleterious consequences of high Lp(a) (reviewed in 24 ), but Lp(a) function remains elusive. The investigation of variants causing low Lp(a) might therefore provide novel perspectives (as recently shown 15, 25 ) and our observations on G4925A-mediated Lp(a) reduction highlights splicing efficiency modulation by antisense oligos or transsplicing 26 as a potential novel Lp(a) lowering approach .
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